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This work solves a decades-old dilemma that stood in the way of understanding the 
allosteric mechanism of Hsp70 (heat shock 70 kDa) chaperone proteins. Hsp70s are 
central to protein folding, refolding, and trafficking in organisms ranging from Archae to 
Homo Sapiens, both at normal and at stressed cellular conditions1. Hsp70s are 
comprised of two main domains: a 44 kDa N-terminal nucleotide-binding domain (NBD), 
and a 25 kDa substrate-binding domain (SBD) that harbors the substrate binding site. 
The nucleotide binding site in the NBD and the substrate binding site in the SBD are 
allosterically linked: ADP binding promotes substrate binding, while ATP binding 
promotes substrate release2 3. It has long been a goal of structural biology to 
characterize the nature of the allosteric coupling in these proteins. However,  even the 
most sophisticated X-ray crystallography studies of the isolated NBD could show no 
difference in overall conformation between the ATP and ADP state 4,5. Hence the 
dilemma: how is the state of the nucleotide communicated between NBD and SBD? The 
solution of the dilemma is especially interesting in light of the fact that Hsp70s are 
ancient proteins, and amongst the first allosteric proteins in nature 6. 
Here we report a solution NMR study of the NBD of the Hsp70 from Thermus 
thermophilus, in the APO, ADP and AMP-PNP states, where the latter is a non-
hydrolysable ATP analogue. Using the modern NMR methods of residual dipolar 
coupling analysis7 8, we discovered that the nucleotide binding cleft opens up by as 
much as 20 degrees between the AMP-PNP (closed) and ADP (open) state. We also 
discover that a surface cleft, hypothesized to be essential for the allosteric coupling 
between NBD and SBD9 , echoes these changes. Hence, the nature of the allosteric 
trigger and coupling for Hsp70 chaperones is revealed here for the first time, solving the 
dilemma.  
 
Recently, Hsp70s have been linked to cancer and diseases associated with protein 
misfolding such as Alzheimer’s10, Parkinson’s11 , and Huntington’s12 13.  It has been suggested 
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that modulation of Hsp70 activity with small compounds may form an avenue to treat these 
diseases14. It is particularly attractive to try to interfere with the Hsp70 allosteric mechanism, 
since this would provide intrinsic selectivity. One such target may constitute the NBD allosteric 
trigger.  
In this work, we study the NBD of the Hsp70 of Thermos Thermophilus15. Because of the 
very high homology between this protein and the 11 Hsp70 gene products in humans, we 
expect the derived conclusions of our work to be valid for the human proteins as well. The 
NBD’s of the Hsp70s are comprised of four subdomains4 called IA, IB, IIA and IIB, as defined in 
Figure 1. The nucleotide, ATP or ADP.PO4, sits deeply in the central cleft interacting non-
covalently  with all four subdomains. An overlay of five available crystal structures of the NBD of 
bovine Hsc70 in APO, ADP (twice), ADP-V2O5 state and the mutant K71M complexed with ATP, 
shows no significant differences between these states (see Figure 1). The results of the current 
solution NMR study of the conformational changes of the NBD of the Hsp70 from Thermos 
Thermophilus, hereafter referred to as DnaK-Tth, in the APO, ADP and AMP-PNP state, are 
summarized in Figure 2. In contrast to the results shown in Figure 1, it is evident from Figure 2 
that major differences exist between the different ligand states in solution. The largest changes 
occur for domain IIB (right top). In the AMP-PNP state, the nucleotide binding cleft is mostly 
closed; in the APO  state it is mostly opened, and the ADP state resembles the APO state. 
The conformational changes were determined using residual dipolar coupling NMR 
(RDC) analysis8. Briefly, the protein was dissolved in a dilute liquid crystal16  providing an 
oriented environment for the protein in which the magnetic dipolar coupling of the amide 
nitrogen and hydrogen nuclei can be measured by NMR techniques17 18. The magnitudes and 
signs of these couplings report on the orientations of the protein’s NH inter-nuclear vectors with 
respect to the magnetic field 17. This information is, in turn, used to obtain the orientation of the 
protein’s sub-domains with respect to the magnetic field, making use of the available high-
resolution (X-ray) structures of the sub-domains. Subsequently, this information is used to 
reconstruct the relative orientation of the sub-domains. Sub-domain orientation is characterized 
by three axes corresponding to a rectangular parallelepiped (matchbox-shape) with the longest 
axis defined as Szz, the shortest as Sxx and Syy in between.  
 
Figure 3 shows the quality of the orientational data for the three nucleotide states. In 
these globe plots, the main orientational axis Szz for all subdomains is located approximately at 
40 oWest, 5 oSouth (in the red circle). This average location by itself is irrelevant, as it just 
reports the difference between the physical  Szz axis orientation of the aligned protein and the 
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arbitrary PDB-file Z-axis direction of the model structure used. However, the differences 
between the globe locations of the Szz axes of the different subdomains are highly relevant: they 
indicate that some of the subdomains are oriented differently than in the model structure. The 
spread in the Szz directions of the subdomains represents the uncertainty in the raw data.  
 
Accordingly, we conclude that all subdomains in the AMP-PNP state are, within 
experimental error, similarly oriented as in the model structure, which is based on an Hsc70 
NBD crystal structure in the ADP state (3HSC.pdb, ref 4). In contrast, in the  APO and ADP 
states, one observes statistically significant deviations, by as much as 20 o,  for the Szz axes of 
subdomains IIA and IIB from those of IA and IB. Figure 3 also shows that the orientations of the 
Sxx (and Syy) axes of the sub-domains are insufficiently defined for all states to draw reliable 
conclusions about these directions (see legend). The Szz-orientational data was translated to the 
coordinate models in Figure 2 by superposing each subdomain on the coordinates of the sub-
domains of the model structure, which in turn was rotated to the average solution orientation. In 
the superposition, the Ca atom coordinates of the secondary structure elements in the 
moveable subdomains were optimized with respect to those of the reference structure by 
translation and by re-orientation around the Szz axes of the subdomains only. That is, the 
obtained Szz orientations were kept fixed, while allowing the Sxx (and Syy) orientations to be 
optimized.  Finally, the superposition of all three structures in Figure 2 was obtained by 
optimizing the overlay of subdomains IA and IB of each structure.  
 
Figure 2 shows that the cleft opens by as much as 20 degrees between AMP-PNP and 
ADP.Pi states. We interpret this finding as follows. In the AMP-PNP state, the left and right 
halves of the protein are bridged by the rigid nucleotide mimic. Such should also be the case if 
ATP is the ligand. For ADP.Pi, however, the γ-phosphate bond is hydrolyzed, which breaks the 
molecule and thus the bridge between left and right, allowing an opening of the cleft. Likely, the 
left and right halves can move relatively independently in the APO and ADP.Pi states. 
Potentially, the ADP.Pi and  APO structures can open dynamically even further than displayed 
in the models. The current findings complement previous NMR study19 where it was shown that 
the ATP state, and especially the ADP.AlFx state, of DnaK-Tth NBD are characterized by a 
single conformation, while at least two conformations, in a slow, but dynamic equilibrium, exist 
for the ADP.Pi state. It is also relevant to cite the chemical shift differences reported for the 
different nucleotide states of the protein in Figure 4 of that work19. It shows that most of the 
chemical shift changes between ADP.Pi and ADP.AlFx states refer to the inside of the 
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nucleotide-binding cleft, also far away from the nucleotide binding site. This is of course well-
explained by the here-detected global change in subdomain orientation accompanying such 
nucleotide changes.  
In addition, major chemical shift changes on the interface between domains IA and IIA 
upon the nucleotide exchange have been reported19. These changes are now explained by the 
statistically significant rotation of subdomain IIA between the different states, as disclosed in 
Figure 3. IIA is seen to rotate in opposite direction of subdomain IIB. Hence, the combined 
motion can be seen as a scissor motion. In our modeling, the hinge of the scissor runs in the 
middle of the beta sheet (see white residues in Figure 2). However it should be kept in mind that 
the precise hinge position is somewhat dependent on the details of the superpositioning 
method.  
Figure 4 shows that the surface cleft running between domains IA and IIA (“bottom”) 
opens up in the ADP and  APO states. The color coding in Figure 4 shows residues that, when 
mutated20 21 , affect the allosteric coupling between NBD and SBD. It also shows residues for 
which chemical shift changes could be identified between ADP and ATP state in E.coli DnaK,  
which are attributed to a changing interaction with the conserved linker between NBD and SBD9. 
It is clearly seen that these residues are all in the surface cleft area, and that the accessibility of 
several of them is affected by the rotations of domain IIA. This strongly supports the recent 
suggestions that the cleft is an allosteric binding site for the linker9 22. In the ADP state, the 
linker moves freely and allows the SBD to move relatively freely in solution (Ref 9, and Bertelsen 
and Zuiderweg, submitted). In the ATP state, the linker is immobilized, likely in this cleft9. From 
our data and the modeling in Figure 4, we conclude, indeed, that the cleft changes its shape 
between the states, which could account for the changing binding mode of the linker.  
 
As shown in Fig 1, all available X-ray structures of the isolated NBD correspond closely 
to each other regardless their nucleotide state. As it turns out, they all correspond to the closed 
state in solution as shown in Fig 5a. It is likely that crystal packing promotes the closed state no 
matter the nature of the nucleotide. This indicates that there is very little or no energy, that 
resists the closing of the open state of the (isolated) NBD.  Figure 5b shows a superposition of 
the open state (ADP.Pi) with the E.coli DnaK NBD complexed with the nucleotide exchange 
factor GrpE23. The correspondence indicates, in contrast to earlier proposals where GrpE was 
thought to actively “break open” the nucleotide binding cleft, that this open state is already 
available in the ADP form, even without bound GrpE. Hence, the older mechanism, suggesting 
that GrpE forces an induced fit which actively promotes nucleotide exchange24, should be 
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modified to incorporate that GrpE selectively captures and stabilizes the ADP state as 
compared to the closed, ATP state. The latter mechanism, selective capture,  has recently been 
recognized for several allosteric proteins25 and nucleic acids26. The nucleotide exchange 
process in the Hsp70 chaperones  (abundant ATP replacing ADP) in this model is then 
catalyzed by other processes, which may include the interaction of GrpE’s tail with the SBD, as 
has been suggested before23.  
 
Methodological Summary 
 
DnaK-Tth 1–381 (DnaK-Tth NBD) with N-terminal His-tag was expressed in E.coli BL21 cells 
grown in a triple-labeled M-9 medium containing 15N-ammonium chloride. The protein  was 
purified in a standard way with affinity chromatography on the Ni-NTA agarose and was eluted 
from a FastFlo Q-column with Imidazole gradient 27.  
 
NMR samples contained 0.3-0.4 mM protein in 50mM HEPES, pH7.4, 10mM KCl, 5mM MgCl2, 
and 5mM sodium phosphate. ADP or AMP-PNP concentration was 10 mM. Experiments were 
performed at 50 oC on an 800 MHz Varian Inova spectrometer, using a triple resonance cold-
probe. Backbone resonance assignments were obtained from a single 3D HNCA-TROSY 
experiment for each nucleotide state, using a previously obtained peak list for DnaK-Tth in the 
ADP-AlFx state as a template28. 223, 281 and 310 assignments were obtained for the APO, 
ADP and AMP-PNP form, respectively.  
 
For RDC measurements, Pf1 bacteriophage in the aforementioned buffer was added to the 
NMR samples to the final concentration of 20 mg/ml for partial alignment29. RDCs were 
extracted from a series of 2D TROSY experiments with a [κt1/2-180(N,H)-κt1/2] sequence30 at 
the beginning of the 15N chemical shift labeling period , with κ=0, 0.75 and 1.5. Table 1 gives the 
number of RDCs obtained per subdomain, for each state of the protein. 
 
 
The RDC data was used to orient subdomains of a DnaK-Tth homology model, which was 
based on aligning sequence and secondary structure elements of DnaK-Tth to the crystal 
structure of the NBD of bovine Hsc70 in the ADP state4  (3HSC.pdb). It was assumed that each 
subdomain was a rigid unit by itself. We used REDCAT31  (A Residual Dipolar Coupling Analysis 
Tool) to transform the RDCs to the orientational data. REDCAT’s solution algorithm relies on 
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singular value decomposition and Monte Carlo sampling to generate a best-fit solution 
consistent with the input RDCs. The computations yielded an ensemble of 1000 structures 
compatible with the input structure and the set of RDCs provided, based on an experimental 
error range of 3 Hz.  The validity of the error estimation was confirmed using a self-validation 
procedure. 
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Table 1: RDCs per subdomain 
Subdomain Protein state 
 APO  ADP AMPPNP 
IA 66 66 51 
IB 32 38 36 
IIA 25 43 41 
IIB 30 50 38 
 
 
 
Table 2. Superposition RMSD 
 Superposition TTh 
APO 
Tth 
ADP 
Tth  
AMP-PNP 
HSC-bovine ADP IA IB Besta          (Å) 1.93 2.05 1.91 
 IIB       Contextb  (Å) 4.26 3.94 1.99 
 IIA IIB Contextc   (Å) 3.56 3.07 1.55 
Ecoli w. GrpE IA IB Besta          (Å) 1.32 1.39 1.15 
 IIB       Contextb  (Å) 3.42 3.41 4.20 
 IIA IIB Contextc   (Å) 3.18 2.81 3.12 
 
Footnotes: 
a) RMSD of best CA super position of the secondary structure in IA and IB 
b) RMS CA coordinate difference of the secondary structure in IIB, when IA and IB are best 
superposed 
c) RMS CA coordinate difference of the secondary structure in IIA and IIB, when IA and IB are 
best superposed 
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Figures and Legends 
 
Figure 1:  
Stereograph of the superposition of five X-ray crystallography structures for bovine Hsc70 NBD 
(4-380). The proteins were crystallized in the following states: wt-APO (2QW9.PDB, chain A), 
wt-ADP.PO4 (3HSC.pdb and 2QWL.PDB, chain A), wt-ADP.VO4 (2QWM.PDB, chain A) and 
K71M-ATP (1KAX.PDB). The proteins were overlaid on the secondary structure elements of sub 
domains IA (Hsc70-count residues 1-39,116-188, 361-381; green) and IB (residues 40-115; 
blue), to accentuate positional changes in sub domains IIA (residues 189-228, 307-360; purple) 
and IIB (residues 229-306; cyan). The N-terminus is in red, the C-terminus of this domain is 
shown in yellow. The nucleotide, PO43-, Mg2+ and two Na+ present in 3HSC.pdb  are shown in 
space fill.  
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Figure 2. 
Stereo graph of a superposition of the solution NMR (RDC) models for the NBD of DnaK-Tth, in 
the AMP-PNP state (yellow), the ADP.Pi state (orange) and APO state (red). The proteins were 
overlaid on the secondary structure elements of sub domains IA  and IB (left half in this figure), 
to accentuate positional changes in sub domains IIA and IIB (right half in this figure). 
White: putative node residues 189,198,214 and 333 (DnaK-Tth count) which form a hinge of a 
scissor-like motion.  
 12
  
   
Figure 3: 
Globe graphs (Sanson-Flamsteed plots) showing the orientations and experimental 
uncertainties of the Szz principal alignment axes (in red circle around 60 oWest and 5 oSouth) of 
the different subdomains of NBD of DnaK-Tth as derived from the NMR RDC measurements.  
Left, AMP-PNP state; middle, ADP.Pi state; right, APO  state. Color code:  sub domain IA 
(DnaK-Tth-count residues 1-37,109-180, 357-377; green); sub domain  IB (residues 38-108; 
blue); sub domain IIA (residues 181-219, 307-356; purple) and sub domain IIB (residues 220-
304; cyan). The reference structure for the NBD of DnaK-Tth was modeled on the NBD of 
bovine Hsc70.ADP.Pi (3HSC.PDB).  
Scale: Horizontal: 20 o per gridline, vertical, 10 o per gridline. (The Szz principal alignment axes 
also appear at the other side of the globe (120 oEast, and 5 oNorth). The Sxx axes appear as 
smears around 150 o West, 45 o North and 30 oEast, 45 oSouth. The polar presences are low 
abundant alternative 90 orotated solutions) 
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Figure 4. Opening of the “bottom” cleft between subdomains IA and IIA for TTh NBD in solution 
Top row, AMP-PNP; middle row, ADP ; bottom row: APO , all in two orientations. 
Color coding: Domains IA, IB, IIA, IIB are colored in the order light gray to dark gray. 
Hydrophobics on IA and IIA are in green; C-terminus (residue 372) is in cyan;  
Linker chemical shift sites9  in magenta; mutation sites32 152+164 (TTH count) in yellow; pro 
switch site, residues 140+148, in orange20. 
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Figure 5.  
Top: Superposition of solution Tth-DnaK-NBD-AMP-PNP (yellow) with crystal bovine Hsc70-
NBD-ADP.Pi 4 (3HSC.pdb). The overlay of corresponding secondary structure elements of sub 
domains IA and IB (left) was optimized.  
Bottom: overlay of solution Tth-DnaK-NBD-ADP (orange) with crystal E.coli-DnaK-NBD-APO 
from the complex with GrpE23  in blue (GrpE not shown; 1DKG.pdb). The overlay of 
corresponding secondary structure elements of domains IA and IB (left) was optimized.  
 
 
